Intracerebral Hemorrhage (ICH) is a Devastating Disease and it Lacks Medical Treatment {#sec1-1}
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ICH is the subtype of stroke with the highest morbimortality. It is characterized by a primary rupture of an intracerebral blood vessel, leading to blood accumulation within the brain parenchyma. Overall, ICH is a major cause of death and disability in developed countries, and its incidence is growing in parallel with the increment of elderly population. Surgical procedures have restricted indications and represent only a small clinically relevant survival advantage. Despite being the most severe cerebrovascular disorder, ICH has no specific pharmacological treatment. As in ischemic stroke, neuroprotective strategies have so far yielded repeated failure in clinical trials due to side effects or to lack of effectiveness. On the other hand, neurorepair approaches focused on the repairing of damaged vessels emerge as possible therapeutic targets. Bone marrow-derived progenitor cells (BMPCs) have evidenced beneficial effects in animal models of ICH, such as immature neuron formation, synaptogenesis, neuronal migration, reduced tissue loss and neurological improvement (Li et al., 2015). Circulating endothelial progenitor cells (EPCs), a subtype of BMPCs, have ample evidence supporting their important role in re-endothelization, angiogenesis and vasculogenesis. Indeed, it has been described that patients with ICH have increased levels of circulating EPCs (Paczkowska et al., 2013). Congruently, a recent research by our group has observed that EPC levels are associated with good neurological and functional outcome, as well as reduced residual volume in patients with acute ICH (Pias-Peleteiro et al., 2016). EPC supported angiogenesis would be an early and crucial step in neurorepair, as it is likely linked to subsequent neurogenesis (Zhang et al., 2009). Thus, an EPC-based therapy, based on exogenous supplementation or *endogenous stimulation*, may be a viable therapeutic option in ICH, acting primarily through angiogenesis and secondarily through neurogenic mechanisms.

EPCs are Associated with Good Prognosis and Reduced Residual Volume in ICH, although the Underlying Mechanisms Remain Largely Unknown {#sec1-2}
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A recent study published by our group (Pias-Peleteiro et al., 2016) represents the first prospective analysis evaluating the association between circulating EPCs and functional outcome in patients with ICH. EPCs were defined as CD34+/CD133+/KDR+, which is widely accepted as an optimal characterization (Urbich and Dimmeler, 2004). In this study, not only circulating EPC levels at day 7 were independently associated with good functional outcome at 12 months, but also residual ICH volume at 6 months was reduced and patients suffered milder neurological deficits. The fact that these associations were found regarding "late" EPC levels at day 7, and not at admission, shoulders the hypothesis that EPCs can mediate processes of chronic vessel repair and neurorepair.

These findings are in line with a previous study observing an independent association between higher increments of generic bone marrow CD34+ progenitor cells and reduced residual volume and better functional outcome at three months in patients with ICH (Sobrino et al., 2011). Nevertheless, the mechanisms underlying these benefits remain unclear. We hypothesize four complementary actions that may be involved: 1) EPC-mediated re-endothelization of damaged vessels would be the first mechanism, an EPC repairing action amply demonstrated in both animal and human models (Melchiorri et al., 2016); 2) A second mechanism would be EPC mediated vasculogenesis, a replacement of vessels too damaged to be simply re-endothelized. This process involves EPC recruitment from the bone marrow to the neovascularization areas, where they differentiate into mature endothelial cells (Grant et al., 2002); 3) Simultaneously to this direct formation of new blood vessels, EPCs can exert a paracrine action which would indirectly promote angiogenesis, being a possible third mechanism (Grant et al., 2002); 4) Finally, EPCs may play an early role in protecting the blood-brain barrier (BBB) in the acute phase of ICH (Borlongan, 2011). BBB disruption in ICH is caused both by a mechanic disruption of blood vessels due to the high pressure exerted by the blood accumulation and to uncontrolled inflammation. In a vicious circle, BBB disruption further aggravates inflammation favoring the leakage of more proinflammatory factors, which is associated with hematoma growth and subsequent poor outcome. This possible fourth mechanism is coherent with current findings from our group that show how impaired flow mediated dilation (a marker of endothelial function) is negatively correlated with EPC counts and positively associated with increased hematoma growth.

Angiogenesis links to neurogenesis, enhancing neurorepair processes: Angiogenesis is an early step in neurorepair that provides nutritive blood flow for subsequent neurogenesis. In addition, EPCs exert paracrine actions as they secrete factors that create a supportive microenvironment for neural regeneration and survival, such as VEGF and SDF-1. Thus, neuroblasts preferentially migrate towards the proximity of developing microvessels. Congruently, angiogenesis suppression markedly reduces migration of neuroblasts from the subventricular zone to the ischemic region (Zhang et al., 2009).

EPC-Based Cellular Therapy for ICH {#sec1-3}
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*Exogenous administration* or *endogenous stimulation*? Resident pools of adult stem cells, such as EPCs, may be applied through two different strategies. The first one is exogenous administration, which implies isolating, harvesting and growing EPCs by means of *in vitro* procedures and subsequently administering them locally in the affected region or systemically in the blood circulation. In the case of allogeneic EPC transplantation, it is also debatable whether to obtain EPCs from stroke patients or from healthy subjects. Proteomic studies have analyzed differences in protein expression of early outgrowth colony forming unit-endothelial cell (CFU-EC) from ischemic stroke patients and healthy subjects (Brea et al., 2011). These investigations have concluded that EPCs from stroke patients, with a higher expression of elongation factor 2 (eF2) and peroxiredoxin 1 (PRDX1) may be in a more advanced differentiation state than EPCs isolated from control subjects. On the other hand, CdC-42 and ERp29 were found to be up-regulated in EPCs from healthy subjects, hinting that these EPCs may have a greater capacity of proliferation. It is also debatable whether to use EPCS obtained from patients in the acute, subacute or chronic phases of stroke. Overall, coadministration of different types of progenitor/stem cells may constitute the best therapeutic strategy.

With regard to the optimal therapeutic window for EPC administration in ICH, based on our previous study, we consider that a continuous administration until day 7 represents the best protocol because this is the time-frame when the highest concentrations of EPCs were found (Pias-Peleteiro et al., 2016). Nevertheless, a potential beneficial effect of EPCs beyond day 7 cannot be discarded. This possibility is supported by a recent study regarding EPC response after a left ventricular assist device implantation, extending a possible EPC contribution to a 6 month frame after surgery (Ivak et al., 2016).

Lastly, intravenous infusion of EPCs is probably the optimal administration route. It evades the direct damage of the intracerebral route and gets round possible adverse effects of intra-arterial infusion such as embolisms.

A feasible alternative to exogenous administration is *endogenous stimulation* of EPCs. The incorporation of EPCs from the bone marrow to neovascularization areas involves a sequential process including mobilization, chemoattraction, adhesion, migration, tissue invasion and *in situ* differentiation. Many molecular and physiological-pathological factors are involved in these processes (Sobrino et al., 2011; Paczkowska et al., 2013). EPC plasma levels in ICH patients hold a positive association with a higher expression of vascular endothelial growth factor (VEGF), stromal cell-derived factor 1 (SDF-1), hepatocyte growth factor (HGF) and endothelin 1 (ET-1). Angiopoietin 1 (ANG-1) and brain-derived neurotrophic factor (BDNF) may also play a role. The activity of matrix metalloproteinase 9 (MMP-9), which causes a massive release of stem cell factor (SCF) and activation of membrane bound Kit ligand (mKitL) also favors EPC recruitment and mobilization. Moreover, EPC release and mobilization is regulated by erythropoietin (EPO), endothelial nitric oxide synthase (eNOS), exercise and estrogens (**[Figure 1](#F1){ref-type="fig"}**).

![Recruitment, re-endothelization and neurorepair processes mediated by EPCs.\
Vascular trauma in the setting of ICH induces the expression of several cytoquines and trophic factors such as VEGF, SDF-1α, MMP-9, ANG-1, HGF, BDNF, SCF, EPO and eNOS. These molecular factors will in turn boost EPC recruitment from the bone marrow. EPCs will primarily engage in re-endothelization and neovascularization processes, which may lead to secondary further neurorepair processes. ICH patients with higher EPC levels will ultimately benefit from a better functional recovery. ANG-1: Angiopoietin 1; BDNF: brain-derived neurotrophic factor; eNOS: endothelial nitric oxide synthase; EPC: endothelial progenitor cell; EPO: erythropoietin; ET-1: endothelin 1; GM-CSF: granulocyte-macrophage colony-stimulating factor; HGF: hepatocyte growth factor; ICH: intracerebral hemorrhage; mKitL: membrane bound Kit ligand; MMP-9: matrix metalloproteinase 9; SCF: stem cell factor; SDF-1α: stromal cell-derived factor.](NRR-12-558-g001){#F1}

Moreover, several drugs, such as statins, EPO, metformin, G-CSF, angiotensin II type 1 receptors blocker, angiotensin-converting enzyme inhibitors, berberine, citicoline, recombinant tissue plasminogen activator (r-tPA) and PPAR-γ agonist have also been shown to increase the number, behavior and functional activity of EPCs *in vitro* and *in vivo*. On the other hand, the same factors that promote EPC mobilization, such as VEGF and SDF-1, as well as several drugs including statins and erythropoietin, play an important role in EPC migration, survival and differentiation.

Future Challenges regarding Cellular Therapy with EPCs in ICH {#sec1-4}
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A notable obstacle for cell therapy is the small proportion of cells actually reaching the target areas. The development of new vectorization strategies such as the use of superparamagnetic iron oxide nanoparticles (SPION)-loaded EPCs (which may be magnetically guided to the areas in need of neurorepair) may improve this proportion (Carenza et al., 2014).

Safety is another major concern regarding cellular therapy with EPCs, as pathological angiogenesis within tumors depends on hematopoietic stem cells, including EPCs. Clinical trials with EPCs have so far demonstrated safety (D'Avola, 2016), but larger trials are needed in order to assess this important issue.

An ample evaluation of neuroplasticity in animal models of ICH following EPC treatment, including not only angiogenesis but also neurogenesis, sinaptogenesis and white matter remodeling, is another pending issue.

Induced pluripotent stem cells (iPSCs) technology represents a promising strategy for cellular-based therapies for ICH, including but not limited to EPCs. The therapeutic capability of human iPSC-derived EPCs (hiPSC-EPCs) has already been evidenced in animal models of hind-limb ischemia (Lai et al., 2013).

Conclusions {#sec1-5}
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Both animal and human studies sustain that EPCs are recruited from bone marrow to participate in re-endothelization and vasculogenic processes following ICH damage. EPCs probably favor a more extensive neurorepair, as higher numbers of these cells are associated with reduced residual volume and a better clinical outcome. *Endogenous stimulation* of EPCs may represent the most straightforward strategy to boost circulating EPC numbers. Cellular therapy with EPCs represents a hopeful novel strategy for ICH, a disabling when not lethal disease currently lacking medical treatment.
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